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ABSTRACT
The modification or degradation of RNAs including
miRNAs may play vital roles in regulating RNA func-
tions. The polyadenylation- and exosome-mediated
RNA decay is involved in the degradation of plant
RNAs including the primary miRNA processing
intermediates. However, plant miRNA levels are
not affected by exosome depletion. Here, we
report the cloning of a large number of 5’ and/or 3’
truncated versions of the known miRNAs from var-
ious tissues of Populus trichocarpa (black cotton-
wood). It suggests that plant miRNAs may be
degraded through either 5’ to 3’ or 3’ to 5’ exonu-
cleolytic digestion. We also show that a significant
portion of the isolated miRNAs contains, at the
3’-end, one or a few post-transcriptionally added
adenylic acid residues, which are distinct in length
from the polyadenylate tail added to other plant
RNAs for exosome-mediated degradation. Using
an in vitro miRNA degradation system, where
synthesized miRNA oligos were degraded in
extracts of P. trichocarpa cells, we revealed that
the adenylated miRNAs were degraded slower
than others without adenylation. It indicates that
addition of adenylic acid residues on the 3’-end
plays a negative role in miRNA degradation. Our
results provide new information for understanding
the mechanism of miRNA degradation.
INTRODUCTION
RNA degradation is a vital mechanism in the control of
RNA quality and quantity in cells. It can be processed
from endonucleolytic cleavage as well as 50 to 30 or 30 to
50 exonucleolytic digestion. The polyadenylation- and exo-
some-mediated 30 to 50 RNA decay, in which RNAs are
ﬁrst polyadenylated by a poly(A) polymerase (PAP) com-
plex and then degraded by an exosome, is extensively
involved in the decay of plant RNAs, such as a select
subset of mRNAs, tRNAs, snRNAs, snoRNAs,
ncRNAs and primary miRNA (pri-miRNA) processing
intermediates (1). However, levels of mature miRNAs
are not aﬀected by exosome depletion (1). It indicates
the existence of a distinct mechanism for miRNA degra-
dation in plants.
miRNAs are generated from pri-miRNAs transcribed
from miRNA loci (2). In plants, pri-miRNAs are cleaved
by Dicer-like 1 (DCL1) protein in the nucleus to produce
miRNA precursors (pre-miRNAs) (3,4). Pre-miRNAs are
further processed again by DCL1 into miRNA:miRNA
 
duplexes, liberating the miRNAs (21nt). The miRNA is
then loaded onto AGO1 in the cytoplasm and guides
target RNA silencing through either site-speciﬁc cleavage
or nondegradative translational repression of the target
genes (5–8). In Arabidopsis, the miRNA:miRNA
 
duplexes are methylated on the 20OH of their 30-terminal
ribose molecules by a small RNA methyltransferase
known as HEN1 (9,10). Silence of the Arabidopsis
HEN1 gene led to the addition of one to ﬁve uridylic
acid residues on the 30-ends of miRNAs, indicating that
the 20-O-methylation plays a role in retaining the integrity
of miRNAs (11).
Here, we report the isolation of a large number of 50 or
30 truncated miRNAs from various tissues of Populus tri-
chocarpa (black cottonwood), suggesting the occurrence of
exonucleolytic degradation of miRNAs. We also show
that a signiﬁcant portion of the isolated miRNAs contains
one or a few post-transcriptionally added adenylic acid
residues at the 30-end. The short adenylate tail of
miRNAs is distinct from the longer polyadenylate tail
added to other plant RNAs for the exosome-mediated
degradation. Results of in vitro miRNA degradation
assays revealed that the addition of adenylic acid residues
on the 30-end reduced miRNA degradation rate.
MATERIALS AND METHODS
Cloning and sequencing of small RNAs
Shoot tips (0.2–0.4cm) (STs), root tips (about 0.3cm)
(RTs) and tissues of the stem cambial zone (CZ) were
collected from greenhouse-grown P. trichocarpa (black
cottonwood) genotype Nisqually-1 in the fast-growing
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(12). Small RNA libraries were constructed as previously
described (13) with modiﬁcations. Three 30 adaptor oligo-
nucleotides were synthesized. Each of them was used for a
tissue-speciﬁc library. They were 30-linker 1 (50-pCTAGG
CACCATGTTCATCACx-30; p, phosphate; x, 30-amino-
modiﬁer C-7) used for ST small RNA library, 30-linker 2
(50-pCATGGCACCATGTTCATCACx-30) for CZ small
RNA library, and 30-linker 3 (50-pCTTGGCACCATGT
TCATCACx-30) for RT small RNA library, respectively.
A5 0 adaptor oligonucleotide (50-ATGTCGTGT
Gaggcaccaaa-30, RNA/DNA version, lowercase RNA)
containing hydroxyl groups at both 50 and 30 ends was
used in the construction of all three small RNA libraries.
RT-primer (50-GATGAACATGGTGCC-30) was used for
reverse transcription. The 50 primer used for PCR was
PCR-5 (50-GTCGTGTGAGGCACCAAA-30). Three 30
PCR primers were designed and each of them was used
for a tissue-speciﬁc library. They were PCR-1 (50-GATGA
ACATGGTGCCTAG-30) used for ST small RNA library,
PCR-2 (50-GATGAACATGGTGCCATG-30) for CZ
small RNA library and PCR-3 (50-GATGAACATGGT
GCCAAG-30) for RT small RNA library, respectively.
The BanI digested PCR products were puriﬁed by running
a polyacrylamide gel and eluted in a buﬀer containing
0.3M sodium acetate, pH7.8 and 2mM Na2EDTA.
After precipitated with ethanol, cDNA was dissolved in
RNase-free water and then puriﬁed using a Centri-spin-20
column (Princeton Separations). The puriﬁed cDNA was
concatamerized using the T4 DNA ligase. Concatamers
with sizes >70bp were puriﬁed using a QIAquick gel
extraction kit (QIAGEN). About 2mg concatamers from
each library were mixed, concentrated, and then sent to
454 Life Sciences (http://www.454.com) for sequencing
using the GS 20 Sequencing System.
Analysis ofmiRNA sequences
The resulted sequences information obtained from 454
Life Sciences were parsed and analyzed using PERL
scripts to identify the library tags, extract small RNA
sequences and calculate the frequency of occurrence of
the small RNA in each library. Small RNAs from 7 to
35nt were search against the P. trichocarpa draft genome
assemble v1.0 (http://genome.jgi-psf.org/Poptr1_1/
Poptr1_1.home.html) using BLAST (14) to identify
poplar genome-matched small RNAs. Sequences in a
miRNA family were searched using the Microsoft Oﬃce
Excel. The adenylated miRNAs were recognized by align-
ing the genome-unmatched sequences with miRNA pre-
cursors (13,15,16). The percentage of adenylated miRNA
was calculated by dividing the number of adenylated
miRNAs by the total amount of adenylated miRNAs
and genome-matched miRNAs of a family.
Preparation of P. trichocarpa extracts
One-gram tissues from the stem CZ of P. trichocarpa were
ground to a ﬁne powder in liquid nitrogen. Proteins were
extracted with 1.5ml of 1  degradation buﬀer [50mM
Tris–HCl, pH 8.0, 10mM MgCl2, 75mM KCl, 5mM
DTT, 10mM ascorbic acid and 30ml of protease inhibitor
cocktail (Sigma)] at 48C, and then centrifuged at 10000g
for 20min at 48C. Extracts were adjusted to 1.0mg/ml pro-
tein by adding the 1  degradation buﬀer, and then stored
at –808C in aliquots after freezing in liquid nitrogen.
Invitro miRNA degradation assays
RNA oligos, miR397a-21 (50-UCAUUGAGUGCAGCG
UUGAUG-30), miR397a-20a (50-UCAUUGAGUGCAG
CGUUGAUA-30), miR397a-21m (50-UCAUUGAGUGC
AGCGUUGAUmG-30; mG, 20-O-methyl G), miR1447-21
(50-CAGAAUUGCAGUGCCUUGAUU-30), miR1447-
20a (50-CAGAAUUGCAGUGCCUUGAUA-30),
miR1447-20 (50-CAGAAUUGCAGUGCCUUGAU-30)
and miR1447-19a (50-CAGAAUUGCAGUGCCUUG
AA-30), were synthesized and HPLC-puriﬁed by IDT,
Inc. For in vitro miRNA degradation assays, 5mlo f
1.0mg/ml miRNA was added to 150ml extracts and incu-
bated at 258C. Ten-microliter aliquots were removed after
incubating for 0, 10, 20, 40 and 80min, respectively.
Reactions were stopped by immediately adding 10 ml2  
loading dye (8M urea, 20mM Tris–HCl, pH 8.0, 1mM
EDTA, pH 8.0, 0.025% xylene cyanol FF and 0.025%
bromophenol blue) and denatured at 958C for 10min as
described (17). RNAs were separated on a 15% denatur-
ing polyacrylamide gel. In order to quantitatively deter-
mine the level of nondegraded miRNAs after incubation,
the top band from a reaction was cut out. MiRNAs were
eluted from gel in 0.3M NaCl at 48C for overnight with
gentle agitation and precipitated by ethanol in the pres-
ence of glycogen. Real-time PCR quantiﬁcation of
miRNAs was performed as previously described (18).
DNA oligos, 50-TCATTGAGTGCAGCGTTGATG-30,
50-TCATTGAGTGCAGCGTTGATA-30,5 0-CAGAATT
GCAGTGCCTTGATT-30,5 0-CAGAATTGCAGTGCC
TTGATA-30,5 0-CAGAATTGCAGTGCCTTGAT-30
and 50-CAGAATTGCAGTGCCTTGAA-30, were used
as miRNA speciﬁc primers for quantiﬁcation of
miR397a-21, miR397a-20a, miR1447-21, miR1447-20a,
miR1447-20 and miR1447-19a, respectively.
RESULTS AND DISCUSSION
Isolationof miRNA sequences and their truncatevariants
Small RNAs were isolated from shoot tips (STs), root tips
(RTs) and tissues of the stem cambial zone (CZ) of
P. trichocarpa (black cottonwood) and sequenced using
the high-throughput pyrosequencing developed by 454
Life Sciences (http://www.454.com). A total of 49993,
36238 and 39036 distinct sequences with a size range
from 7 to 35nt were obtained from the ST, CZ and RT
small RNA libraries, respectively. Forty-nine percent of
total distinct sequences match the genome (16). For the
42 P. trichocarpa miRNA families (miRBase Release 11.0,
http://microrna.sanger.ac.uk/sequences/index.shtml), 27
of them had at least 10 counts of genome-matched
sequences with sizes of 20–21nt in our data set
(Table 1). Concentrating on these 27 miRNA families,
we further identiﬁed 50 and/or 30 truncate versions of
miRNA. Sequences for ptc-MIR397, ptc-MIR1447 and
ptc-MIR1450 are shown in Tables 2–4. Although we
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miRNAs are the decay product of aberrant pri-miRNA,
it is unlikely that the large amount of truncated miRNAs
is produced from aberrant pri-miRNA since sequences
corresponding to other locations of the pri-miRNA are
rare or not found. The truncated miRNAs were also iso-
lated from wild type and hen1 mutant of Arabidopsis and
were considered as products of exonuclease activity (11).
Thus, these truncate versions are likely the intermediates
of miRNA degradation, suggesting that miRNAs may be
degraded through either 50 to 30 or 30 to 50 exonucleolytic
digestion.
Identification of adenylated miRNA sequences
Adenylated miRNA species for most of the 27 miRNA
families were identiﬁed by analyzing the genome-
unmatched sequences. Although 15 of the 27 families
have low ratios (<5%) of the counts of adenylated
miRNAs to the counts of all the miRNAs of a family
(hereinafter called the adenylated miRNA percentage),
the ratios for the remaining 12 families are greater
(from 5 to 72%) (Table 5). It should be emphasized
that the adenylic acid residue(s) at the 30-ends of some
genome-matched miRNA sequences could also be post-
transcriptionally added, such as 50-TCATTGAGTGCA
GCGTTGA-30 for miR397a, 50-AGAATTGCAGTGCC
TTGA-30 for miR1447, and 50-TTCAATGGCTCGG
TCA-30 for miR1450 (Tables 2–4); however, these
miRNAs were not considered as adenylated because it is
technically diﬃcult to recognize the source of the adenylic
Table 2. Sequences of the genomic loci of ptc-MIR397 family and the
cloned sequences isolated from shoot tips (STs), root tips (RTs) and
tissues of the stem cambial zone (CZ) of P. trichocarpa
Counts  Sequences  
ST CZ  RT 
miR397a accaTCATTGAGTGCAGCGTTGATGaaat 
miR397b tacaCCATTGAGTGCAGCGTTGATGaaat 
miR397c tagtTCATTGAGTGGAGCTTTGATGacaa 
   
            TCATTGAGTGCAGCGTTGATG  20  9  61 
            TCATTGAGTGCAGCGTTGATGA 1  6  3 
              ATTGAGTGCAGCGTTGATG  16  1  26 
              ATTGAGTGCAGCGTTGATGA 2  0  0 
               TTGAGTGCAGCGTTGATG  0  0  1 
                TGAGTGCAGCGTTGATG  0  0  3 
                 GAGTGCAGCGTTGATG  0  0  2 
           ATCATTGAGTGCAGCGTTGATA  0 0 1 
            TCATTGAGTGCAGCGTTGAT  17  77  133 
            TCATTGAGTGCAGCGTTGATA  3 4  16 
            TCATTGAGTGCAGCGTTGATAA  0 1 3 
            TCATTGAGTGCAGCGTTGATAAA  0 0 3 
            TCATTGAGTGCAGCGTTGATAAAA  0 0 1 
             CATTGAGTGCAGCGTTGATA  0 0 1 
              ATTGAGTGCAGCGTTGAT  13  12  23 
              ATTGAGTGCAGCGTTGATA  0 1 2 
              ATTGAGTGCAGCGTTGATAA  0 0 1 
              ATTGAGTGCAGCGTTGATAAA  1 0 1 
               TTGAGTGCAGCGTTGAT  2  10  6 
                TGAGTGCAGCGTTGAT  0  0  1 
                 GAGTGCAGCGTTGAT  0  1  3 
           ATCATTGAGTGCAGCGTTGA 1  1  2 
            TCATTGAGTGCAGCGTTGA 74  117  187 
            TCATTGAGTGCAGCGTTGAA  14 53 55 
            TCATTGAGTGCAGCGTTGAAA  8 22 25 
            TCATTGAGTGCAGCGTTGAAAA  0 3 8 
            TCATTGAGTGCAGCGTTGAAAAA  0 0 3 
            TCATTGAGTGCAGCGTTGAAAAAA  0 0 1 
             CATTGAGTGCAGCGTTGAA  1 5 1 
             CATTGAGTGCAGCGTTGAAA  0 8 1 
              ATTGAGTGCAGCGTTGA 20  9  53 
              ATTGAGTGCAGCGTTGAA  2 1 6 
              ATTGAGTGCAGCGTTGAAA  0 2 6 
              ATTGAGTGCAGCGTTGAAAAA  0 0 4 
               TTGAGTGCAGCGTTGA 4  4  2 
               TTGAGTGCAGCGTTGAA  0 2 0 
               TTGAGTGCAGCGTTGAAA  1 0 0 
               TTGAGTGCAGCGTTGAAAA  0 1 0 
                TGAGTGCAGCGTTGA 0  3  3 
                TGAGTGCAGCGTTGAA  0 2 0 
                 GAGTGCAGCGTTGA 0  1  1 
                 GAGTGCAGCGTTGAA  0 2 0 
                 GAGTGCAGCGTTGAAAA  0 1 0 
                  AGTGCAGCGTTGAAAAA  0 1 0 
                      CAGCGTTGA 1  0  7 
            TCATTGAGTGCAGCGTTG  1  3  11 
             CATTGAGTGCAGCGTTG  0  1  0 
              ATTGAGTGCAGCGTTG  0  0  1 
               TTGAGTGCAGCGTTG  1  0  0 
            TCATTGAGTGCAGCGTT  1  2  4 
            TCATTGAGTGCAGCGTTA  2 3 0 
            TCATTGAGTGCAGCGTTAA  2 7 5 
            TCATTGAGTGCAGCGTTAAA  2 6 5 
            TCATTGAGTGCAGCGTTAAAA  0 1 3 
            TCATTGAGTGCAGCGTTAAAAA  0 1 0 
             CATTGAGTGCAGCGTTAA  1 0 0 
             CATTGAGTGCAGCGTTAAA  0 0 2 
              ATTGAGTGCAGCGTT  0  0  1 
              ATTGAGTGCAGCGTTA  0 1 1 
              ATTGAGTGCAGCGTTAA  0 0 2 
              ATTGAGTGCAGCGTTAAA  0 0 1 
               TTGAGTGCAGCGTTA  0 0 1 
           ATCATTGAGTGCAGCGTAA  0 0 2 
           ATCATTGAGTGCAGCGTAAAAA  0 1 0 
            TCATTGAGTGCAGCGT  2  33  17 
            TCATTGAGTGCAGCGTA  2 6 6 
            TCATTGAGTGCAGCGTAA  8 22 13 
            TCATTGAGTGCAGCGTAAA  3 14  9 
            TCATTGAGTGCAGCGTAAAA  1 3 2 
(continued)
Table 1. Counts of the 20–21nt genome-matched miRNAs of the 27
families isolated from shoot tips (STs), root tips (RTs) and tissues of
the stem cambial zone (CZ) of P. trichocarpa
miRNA family STs CZ RTs Total
ptc-miR408 1425 1658 1888 4971
ptc-miR168 2182 1664 1070 4916
ptc-miR160 2008 1164 786 3958
ptc-miR475 707 1244 320 2271
ptc-miR171 1746 235 45 2026
ptc-miR398 249 196 1028 1473
ptc-miR159 733 115 152 1000
ptc-miR1448 360 61 123 544
ptc-miR169 155 110 216 481
ptc-miR1444 192 39 170 401
ptc-miR397 40 87 196 323
ptc-miR472 85 22 164 271
ptc-miR166 81 8 166 255
ptc-miR167 75 5 100 180
ptc-miR482 69 4 17 90
ptc-miR396 0 62 11 73
ptc-miR394 31 28 3 62
ptc-miR319 32 11 0 43
ptc-miR393 6 33 3 42
ptc-miR473 2 9 30 41
ptc-miR1447 21 3 14 38
ptc-miR1446 1 9 25 35
ptc-miR476 5 10 19 34
ptc-miR172 9 6 14 29
ptc-miR162 6 1 18 25
ptc-miR164 8 16 1 25
ptc-miR1450 4 4 7 15
1880 Nucleic Acids Research, 2009, Vol. 37,No. 6acid residues at their 30-ends. Thus, the actual counts of
adenylated miRNAs might be higher. The high percentage
of adenylated miRNAs is unlikely a result of sequencing
errors. It is also unlikely that these adenylic acid residues
were artiﬁcially incorporated during the cloning processes.
Adenylated miRNAs have been reported from Arabidopsis
(11) and P. trichocarpa (15). Thus, we conclude that ade-
nylation of miRNAs occurred in vivo.
The number of adenylic acid residues added on the
30-end of a miRNA ranges from one to seven (Figure 1).
About half of the adenylated miRNAs have one post-
transcriptionally added residue. The percentages for
miRNAs with two and three post-transcriptionally
added adenylic acid residues are 26% and 15%, respec-
tively. These short tails of adenylic acid residues are
obviously distinct in length from the long poly(A) tails
added on the 30-end of other RNAs that are consequently
degraded by an exosome (19). Addition of one adenylic
acid residue on the 30-ends was previously observed for
other small RNAs, such as signal recognition particle
(SRP) RNA and U2 snRNA isolated from yeast, frog
and human cells (20,21), suggesting that it occurs among
a variety of small RNA species of eukaryotes. However,
the function of this adenylation has poorly been
characterized.
Degradation ofadenylated miRNAs
In order to understand the role of miRNA adenylation,
we analyzed the 50 and 30 truncate ptc-miRNA of the 12
families having the adenylated miRNA percentages >5%.
As shown in Figure 2A, <2% of miRNAs are adenylated
when 1nt is trimmed from the 30-ends; while the adeny-
lated miRNA percentage increases to about 50% when
6nt are trimmed. Percentages of adenylated miRNAs con-
tinuously increase as 1–6nt are trimmed from the 30-ends.
Such a trend was not observed for sequences with nucleo-
tides trimmed from the 50-ends (Figure 2B). These results
strongly indicate that adenylation is associated with the 30
to 50 miRNA degradation. The addition of adenylic acid
residues on the 30-end of a miRNA and the 50 to
30exonucleolytic digestion are likely two independent
events.
In order to study the role of miRNA adenylation
experimentally, we developed an in vitro miRNA degrada-
tion system. In this system, RNase-containing extracts
were prepared from cells in and around the stem CZ
of greenhouse-grown P. trichocarpa. We tested the
Table 2. Continued
            TCATTGAGTGCAGCGTAAAAA  0 2 5 
             CATTGAGTGCAGCGTAAA  0 1 0 
              ATTGAGTGCAGCGT  0  2  1 
              ATTGAGTGCAGCGTAA  0 2 1 
              ATTGAGTGCAGCGTAAA  1 4 5 
              ATTGAGTGCAGCGTAAAA  0 1 0 
               TTGAGTGCAGCGT  0  1  1 
               TTGAGTGCAGCGTA  0 1 0 
               TTGAGTGCAGCGTAA  0 1 0 
               TTGAGTGCAGCGTAAA  0 0 1 
            TCATTGAGTGCAGCGA  2 16 10 
            TCATTGAGTGCAGCGAA  2 14  1 
            TCATTGAGTGCAGCGAAA  0 8 1 
            TCATTGAGTGCAGCGAAAA  0 4 0 
            TCATTGAGTGCAGCGAAAAA  0 3 2 
            TCATTGAGTGCAGCGAAAAAAA  1 0 0 
             CATTGAGTGCAGCGA  0 0 2 
             CATTGAGTGCAGCGAAAA  0 1 0 
              ATTGAGTGCAGCGAAAA  0 1 0 
              ATTGAGTGCAGCGAAAAAA  0 5 0 
           ATCATTGAGTGCAGCAAAA  0 1 0 
            TCATTGAGTGCAGC  1  0  2 
            TCATTGAGTGCAGCAA  0 16  2 
            TCATTGAGTGCAGCAAA  1 2 1 
            TCATTGAGTGCAGCAAAA  0 4 0 
            TCATTGAGTGCAGCAAAAA  0 1 1 
            TCATTGAGTGCAG  0  0  1 
            TCATTGAGTGCAGAAA  0 2 0 
            TCATTGAGTGCAAAAAA  0 1 0 
            TCATTGAGTGC  0  1  0 
Counts  Sequences
ST CZ  RT 
Adenylic acid residues added on the 30-ends of miRNAs are shown in
bold.
Table 3. Sequences of the genomic locus of ptc-MIR1447 family and
the cloned sequences isolated from shoot tips (STs), root tips (RTs) and
tissues of the stem cambial zone (CZ) of P. trichocarpa
Counts  Sequences  
ST CZ RT 
miR1447 tagtCAGAATTGCAGTGCCTTGATTtggg     
            CAGAATTGCAGTGCCTTGATTA  1 5 4 
            CAGAATTGCAGTGCCTTGATTAA  0 2 0 
             AGAATTGCAGTGCCTTGATT  21  3  14 
              GAATTGCAGTGCCTTGATT  3  1  0 
               AATTGCAGTGCCTTGATT  2  3  0 
                ATTGCAGTGCCTTGATT  2  0  1 
                 TTGCAGTGCCTTGATT  0  2  1 
                  TGCAGTGCCTTGATT  0  0  2 
                   GCAGTGCCTTGATTAA  0 1 0 
                    CAGTGCCTTGATT  1  0  0 
                       TGCCTTGATT  1  0  4 
            CAGAATTGCAGTGCCTTGATA  5 40  8 
            CAGAATTGCAGTGCCTTGATAA  0 16  5 
            CAGAATTGCAGTGCCTTGATAAA  0 3 0 
             AGAATTGCAGTGCCTTGAT  3  9  4 
             AGAATTGCAGTGCCTTGATA  0 1 0 
             AGAATTGCAGTGCCTTGATAA  0 1 0 
              GAATTGCAGTGCCTTGAT  1  1  0 
              GAATTGCAGTGCCTTGATA  0 1 0 
               AATTGCAGTGCCTTGAT  2  4  1 
                ATTGCAGTGCCTTGAT  0  0  1 
                 TTGCAGTGCCTTGAT  0  1  0 
            CAGAATTGCAGTGCCTTGAA  0 46  7 
            CAGAATTGCAGTGCCTTGAAA  0 4 4 
            CAGAATTGCAGTGCCTTGAAAA  0 2 2 
             AGAATTGCAGTGCCTTGA 1  0  0 
              GAATTGCAGTGCCTTGA 0  0  1 
                 TTGCAGTGCCTTGA 0  1  0 
                       TGCCTTGA 1  9  0 
            CAGAATTGCAGTGCCTTA  0 1 2 
            CAGAATTGCAGTGCCTTAA  0 4 2 
            CAGAATTGCAGTGCCTTAAA  0 2 0 
            CAGAATTGCAGTGCCT  0  1  0 
            CAGAATTGCAGTGCCTA  0 0 2 
            CAGAATTGCAGTGCCTAA  0 0 1 
            CAGAATTGCAGTGCC  0  1  0 
            CAGAATTGCAGTGCCA  1 2 2 
            CAGAATTGCAGTGCCAAAAAA  0 1 0 
            CAGAATTGCAGTGC  0  1  2 
            CAGAATTGCAGTGCA  0 1 1 
Adenylic acid residues added on the 30-ends of miRNAs are shown in
bold.
Nucleic Acids Research,2009, Vol.37, No. 6 1881degradation rates of ptc-miR397a with or without adeny-
lation on the 30-end. We also studied the degradation of
methylated ptc-miR397a, since the 20-O-methyl group was
found at the 30-end of plant miRNAs produced in vivo and
was suggested to play a role in retaining the integrity of
miRNAs (11). Our results showed that both adenylation
and methylation delayed the degradation of ptc-miR397a
degradation (Figure 3A and D). It has been reported that
uridylation of plant miRNAs in the absence of methyla-
tion could have a protective role against exonucleolytic
degradation (17). To compare degradation rates of the
adenylated- and the uridylated-miRNAs, we analyzed
ptc-miR1447 using our in vitro miRNA degradation
system. The 21-nt ptc-miR1447 has two Us at the
30-end. Replacement of the last U with an A resulted in
a delay of degradation (Figure 3B and E). Similar result
was also observed for the 20nt, 30 truncate version of
ptc-miR1447 (Figure 3C and F). Taken together, the
adenylated miRNAs are degraded in our in vitro assays
slower than others without adenylation. While the in vivo
relevance of these observations remains to be formally
established, the results suggest that addition of adenylic
acid residues on the 30-end plays a negative role in miRNA
degradation.
Plant tissue-dependence of miRNA adenylation
In order to know the tissue-dependency of miRNA ade-
nylation, miRNAs isolated from ST, CZ and RT were
analyzed individually. Again, we focused on the 12
miRNA families having percentages of adenylated
miRNAs >5%. We found that the adenylated miRNA
percentage isolated from CZ ( 19%) is about twice as
high as that from ST ( 9%) (Figure 4). Among the
12 miRNA families examined, 10 show the greatest ade-
nylation percentage for miRNAs isolated from CZ of
P. trichocarpa (Figure 4). It includes an miRNA
(ptc-miR475) expressed highly in CZ and nine having
lower expression levels in CZ than in ST and RT
Table 4. Sequences of the genomic loci of ptc-MIR1450 family and the
cloned sequences isolated from shoot tips (STs), root tips (RTs) and
tissues of the stem cambial zone (CZ) of P. trichocarpa
Counts  Sequences  
ST CZ RT 
miR1450 tctcTTCAATGGCTCGGTCAGGTTACacaa     
            TTCAATGGCTCGGTCAGGTTAC 1  0  0 
              CAATGGCTCGGTCAGGTTAC  1  0  0 
            TTCAATGGCTCGGTCAGGTTA 3  1  6 
            TTCAATGGCTCGGTCAGGTTAA  0 2 0 
            TTCAATGGCTCGGTCAGGTT  0  3  1 
            TTCAATGGCTCGGTCAGGTA  1 1 0 
            TTCAATGGCTCGGTCAGGTAA  0 6 0 
            TTCAATGGCTCGGTCAGGTAAA  0 1 0 
              CAATGGCTCGGTCAGGT  0  1  0 
              CAATGGCTCGGTCAGGTAAA  0 1 0 
               AATGGCTCGGTCAGGT  0  1  0 
               AATGGCTCGGTCAGGTA  0 2 0 
               AATGGCTCGGTCAGGTAA  0 1 0 
            TTCAATGGCTCGGTCAGGA  9 3 0 
            TTCAATGGCTCGGTCAGGAA  1 0 0 
            TTCAATGGCTCGGTCAGGAAA  0 4 0 
             TCAATGGCTCGGTCAGGAA  0 5 0 
              CAATGGCTCGGTCAGGA  0 1 0 
               AATGGCTCGGTCAGGA  3 0 0 
                 TGGCTCGGTCAGGAA  0 1 0 
            TTCAATGGCTCGGTCAG  0  5  0 
            TTCAATGGCTCGGTCAGA  0 1 1 
            TTCAATGGCTCGGTCAGAA  1 1 0 
            TTCAATGGCTCGGTCAGAAA  0 7 0 
            TTCAATGGCTCGGTCAGAAAA  0 1 0 
            TTCAATGGCTCGGTCA 0  1  0 
            TTCAATGGCTCGGTCAA  1 3 0 
            TTCAATGGCTCGGTCAAA  0 2 0 
            TTCAATGGCTCGGTCAAAA  0 5 0 
            TTCAATGGCTCGGTCAAAAA  0 3 0 
              CAATGGCTCGGTCAAAA  0 2 0 
               AATGGCTCGGTCAAAA  0 1 0 
            TTCAATGGCTCGGTC  2  0  0 
            TTCAATGGCTCGGT  1  1  0 
            TTCAATGGCTCGGTAAAA  0 4 0 
            TTCAATGGCTCGG  1  0  0 
              CAATGGAA  0 1 0 
Adenylic acid residues added on the 30-ends of miRNAs are shown in
bold.
Figure 1. MiRNAs with post-transcriptionally added adenylic acid resi-
dues. Total counts of adenylated miRNAs for 12 families isolated from
P. trichocarpa are shown. The number of adenylic acid residues added
on the 30-end of a miRNA sequence ranges from one to seven,
respectively.
Table 5. Adenylation of 12 miRNA families isolated from
P. trichocarpa
miRNA family Genome-
matched
Adenylated Total
counts
Adenylation
(%)
ptc-MIR1450 29 76 105 72
ptc-MIR1447 106 180 286 63
ptc-MIR397 1027 546 1573 35
ptc-MIR1444 536 122 658 19
ptc-MIR159 3801 796 4606 17
ptc-MIR172 72 12 84 14
ptc-MIR396 1894 282 2176 13
ptc-MIR166 440 41 481 9
ptc-MIR167 727 45 772 6
ptc-MIR319 1391 82 1473 6
ptc-MIR475 3684 198 3882 5
ptc-MIR1448 924 48 972 5
1882 Nucleic Acids Research, 2009, Vol. 37,No. 6(Table 1 and Figure 4), suggesting that the percentage of
adenylated miRNA is independent with the expression
level of miRNA. Thus, miRNA adenylation seems
tissue-dependent. The high percentage of adenylated
miRNAs isolated from CZ could be associated with the
active metabolism of cells in and around the cambial zone
of P. trichocarpa in the fast-growing season, when the
tissues were collected. Further study to ﬁnd the reason
causing high percentage of adenylated miRNAs in CZ
may help to add new insights into the regulatory mecha-
nism of miRNA degradation.
Ptc-MIR1450, ptc-MIR1447 and ptc-MIR397 have
the overall adenylation percentage >35% (Table 5).
Ptc-MIR1450 and ptc-MIR1447 are two P. trichocarpa
speciﬁc miRNA families; while ptc-MIR397 is a conserved
miRNA family among various plant species, including
Arabidopsis, rice and P. trichocarpa (15,16,22–24).
The adenylation percentages for ptc-miR1450 sequences
isolated from ST, CZ and RT are 64%, 81.9% and
12.5%, respectively (Figure 4). Similarly, the ptc-
miR1447 and ptc-miR397 sequences isolated from CZ
have greater adenylation percentage than those isolated
from ST and RT (Figure 4). Ptc-miR1450 is predicted to
target a leucine-rich repeat transmembrane protein kinase
and two function-unknown proteins, and has the highest
expression in developing xylem among the detected tissues
including leaf and phloem (15). The expression of ptc-
miR1450 in xylem is signiﬁcantly downregulated in plant
response to mechanical stress (15). Ptc-miR1447 is also
mechanical stress-responsive and target to a leucine-rich
transmembrane protein kinase. The other targets of
ptc-miR1447 include six ankyrin repeat family proteins,
a disease-resistance protein, a translationally controlled
tumor protein homolog (TCTP), a b-fructofuranosidase,
an oxidoreductase and a function-unknown protein (15).
MiR397 has been found to target a large number of lac-
case genes for cleavage in various plant species, including
Arabidopsis and P. trichocarpa (15,25). The plant laccase is
the ﬁrst enzyme shown to be able to polymerize lignin
monomers in vitro (26) and has been found to be vital
for wood formation (27–31). These results suggest that
miR1450 and miR1447 and miR397 play important regu-
latory roles in xylem development. However, the signiﬁ-
cance of the high adenylation percentage of these miRNAs
is currently unknown.
In summary, although the biogenesis of plant miRNAs
has been intensely studied, little is known about the
mechanism of miRNA degradation (17). Through the
analysis of small RNAs isolated from P. trichocarpa,
we found that (i) a large number of 50 and/or 30 truncate
versions of miRNAs are present; (ii) a signiﬁcant portion
of the truncated miRNAs contains one or a few post-
transcriptionally added adenylic acid residues at the
30-ends; (iii) the percentages of adenylated miRNAs con-
tinuously increase as 1–6nt are trimmed from the 30-ends;
and (iv) adenylation of plant miRNAs could be tissue-
dependent. Using an in vitro miRNA degradation
system, we showed that adenylation of miRNAs in
P. trichocarpa played a protective role as uridylation
does in the miRNA methyltrasferase gene-silenced
Arabidopsis plants (11,17). Thus, the short adenylate tail
adding to a plant miRNA has a distinct function with the
poly(A) tail involving in the exosome-mediated RNA
decay. PAPs responsible for adding the transient poly(A)
Figure 2. Association of adenylation with miRNA degradation. The adenylated miRNA percentages are shown for sequences with 1–6nt trimmed
from the 30-( A)o r5 0-ends (B).
Nucleic Acids Research,2009, Vol.37, No. 6 1883tail for RNA degradation have been identiﬁed in various
organisms (19). They belong to the large noncanonical
PAP family and probably have substrate speciﬁcity of
RNA species (32). However, enzymes associated with
miRNA adenylation remain to be elucidated.
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